The system currently runs on the V distributed system on the DEC Firefly.
to the way in which each algorithm is implemented or are due to the inherent differences in the algorithms themselves. OLPS facilitates such comparisons, because one benchmark simulation program can be run with alternate parallel algorithms via the common interface, and because the alternate algorithms share the same implementation of common services. This eliminates one source of implementation differences.
The structure of OLPS is presented next. $3 describes measurements of its performance. $4 discusses related work.
OBJECT LIBRARY FOR PARALLEL SIMULATION
Objects (or classes in C++ [21] ) consist of data and a set of operations that modify the data. For example, OLPS contains an object implementing a communication channel (the CHANNEL object), in which the data is contiguous memory shared by processes and the operations aIlow concurrent processes to read and write the data.
A CHANNEL and other objects that rely on no other objects are called base objects.
All other objects are derived objects that inherit the data and operations of other base or derived objects. For example, OLPS contains a SINGLELINKEDLIST base object. A discrete random variable with arbitrary distribution is implemented by the ARBITRARYRANDOMVARIABLE object, which is derived from a SINGLELINKEDLIST by storing the distribution function in the list and adding the operation Sample which calls a random number generator before accessing the distribution list.
The OLPS Object Hierarchy
One may represent the hierarchy of base and derived objects in the form of a tree. Figure 1 illustrates the overall organization of OLPS: A set of base objects implements mechanisms common to all simulation techniques. From these objects implementing the Chandy-Mis ra algorithm are derived by adding mechanisms to generate and respond to null messages. From the base objects a set of objects implementing the Time-Warp algorithm is derived.
Time-Warp Objects
Chandy-Misra Objects To understand the actual objects used in OLPS, it is first necessary to understand the simulation model used by the Chandy-Misra and Time-Warp. The system to be simulated is viewed as a finite set of physical processes (e.g., the terminals, disks, memory, and CPU of a computer system). Each physical process is associated with a set of events (e.g., an I/O request arrives at a disk). Physical processes interact by sending and receiving messages. A simulation program then consists of a set of logical processes (the operating system processes) corresponding to the physical processes, which can "predict the exact sequence of message transmissions in the physical system (l'i']."
The OLPS Object Library defines an object called NODE, which corresponds to a physical process. (As described later, a NODE object is assigned during simulation to a logical process, which is then scheduled to run on a processor.) A node exports the following operations:
CreateNode ( All objects in the library are implementea as containers, storing pointers to objects, rather than the objects themselves. Thus formats for important data structures, such as the text of messages, are defined by the user. The list of exported operations contains asterisks to denote pointers to objects, in the style of C+f.
A complete simulation program instantiates one node for each physical process (via CreateNode) and sets its output route (via SetRoute).
Nodes may also be created or destroyed dynamically during execution by calls to CreateNode and DestroyNode.
CreateNode also sets two node attributes: a type and a name. Both are unsigned integers chosen by the user. PreLoad sets the initial condition of a NODE.
A NODE object can receive messages (via Input), simulate them to produce an output message stream (via RespondTo), and route the output messages to their destination nodes (via Output). Collates the multiple input streams to a node in time-stamp order. Decides in what order arriving messages are presented to the RESPONDE:R. The library currently contains two types of responders: FIFO (first in, first out), and LIFO (last in, first out).
RESPONDER: Implements
the RespondTo operation of a NODE object,.
The user always derives an object from the RESPONDER to performs the actual simulation of the corresponding physical process.
ROUTER: Implements the Output operation of a NODE object. Different router objects are provided to route based on different rules. Currently the library contains a probabilistic router (PROBR,OUTER), a router used when there is only one output route (DECFREEROUTER), and a router that deletes messages (SINK).
CHANNEL: Implements the Input and Output operations of SEQUENCER and ROUTER objects, respectively. Provides a communication medium and .its protocol. There are currently two implementa.tions available. The CQCHANNEL provides a monitor to access object CIRCULAR&, which is a circular queue of fixed, user specified size. The LINKLISTCHANNEL is a monitor accessing a linked list. Figure 3 illustrates the relationship of the four objects from which a NODE is derived.
Messages arriving from multiple sources first enter a CHANNEL object, which contains a spin lock to serialize access to it. Messages then pass to the SEQIJENCER, RESPONDER, and ROUTER objects before leaving the NODE. Different versions of these objects exist in the library to implement different parallel simulation algorithms (e.g., Chandy-Misra, Time-Warp), different routing rules, different sequencing rules, and so on. Thus by proper selection of these during NODE object instantiation via CreateNode, a user may quickly construct a variety of simulations.
The remaining objects in Figure 2 are: DIRECTORY: DIRECTORY is only used during simulation initiation and termination. Contains a pointer t,o all NODE objects in the system. Exports operations to map .uode names to pointers and to find all nodes of a given type. One key operation exported (Assign) assigns nodes to operating system processes. SI~~ULATC)R: Uses DIRECTORY to assign nodes to operating system processes, and to assign processes to processors. Exports operation Simulate, which is called by the user to initiate execution of all NODE objects.
Operation
Simulate creates as many processes as there are nodes. Each process then executes: Node* Me = Assigno; // assign a node to this process for (int N=O; N<EventLimit; N++) Me->Output ( Me->RespondTo(Me->Input()));
(The termination of node execution after it has ex-. ecuted EventLimit number of events is a simplification of the actual termination mechanism.)
SERIA.LLOG and CONCLOG: These log events by storing them in a circular queue of user specified size in memory during simulation execution. SERIALLOG is used by a single process. CONCLOG adds a monitor to control access to a SERIALLOG by multiple processes. After execution, the log is written to disk. MESS.\GE: Contains a t.ype (e.g., User, Suspend, Annihilate), a source and destination node name, a time stamp, and a pointer to user text of user specified format.
Derived from type MESSAGE is type LLMESSAGE, which additionally contains link fields for use with the LINKLISKHANNEL.
2.2
Complete Simulation Program Figure 4 illustrates the process by which a user assembles a complete simulation program using the Object Library.
Sequencer
Responde Node To begin with, simulation systems inevitably require an input file that describes the configuration and parameters of the system to be simulated.
This file has an arbitrary syntax, and normally requires a non-reusable piece of code to read the file.
To simplify this process, in our system the user first writes a Yacc [13] grammar to describe the syntax of the model input file. The actions associated with the grammar rules instantiate the necessary NODE objects (via CreateNode) and other user defined objects. The use of Yacc simplifies maintenance of this portion of code.
The Yacc grammar is then processed by the Yacc program, which generates a C++ compatible parser in the form of a function named yyparse(). Null represents the absence of a particular object when none is needed. For example, no messages arrive at a source, and therefore no SEQUENCER is required.
Support
of Simulation Languages.
The discussion above has focused on how to directly create a complete simulation program using the Object Library. This method requires that the user use C++ to program his RESPONDER derived objects.
We recognize that languages for describing simulations -particularly distributed system simulations -is an active research area. In these situations C++ is not a desirable simulation language, and an alternative is POSsible. A simulation language may be implemented by including calls to operations of the desired library objects, provided that the two languages, share the same linker. The Object Library would fill for the simulation language the role that a run-time library plays for a programming language. The prec:ise hierarchy is shown in Figure 5 . The figure shows that the LINKLISTCHANNEL and CQ-CHANNEL are not actually base objects; because it maintains a queue, they are derived from a DOUBLELINKED-LIST object or a CIRCULARQ object, respectively. The queue is initialized by the PreLoad operation of $2.1. A ROUTER may base its route on a discrete random variable (object ARBITRARYRANDOMVARIABLE), which in turn is derived from a SINGLELINKEDLIST object.
Objects specific to Chandy-Misra:
The CMRE-SPONDER adds to the user's RESPONDER the automatic generation of null messages in the deadlock-avoidance version of the Chandy-Misra algorithm. The MULTICM-FIFOQ is used when there are multiple nodes sending messages to a node to merge the input streams and to calculate the channel time (as defined by Chandy and Misra (51) .
Objects specific for Time-Warp: For the Time-War algorithm, the object library contains a derived object for each SEQUENCER and RESPONDER that, can do recovery. Each object derived from the RESPONDER object adds a data structure to checkpoint its state, and adds an operation callable from the SEQUENCER to roll the state back. Each SEQIJENCER and derived object adds a data structure to store old input and output messages, respectively. The SEQUENCER maintains the local virtual time for the node and is responsible for initiating the rollback process.
Instrumentation
OLPS provides two types of instrumentation to collect information on the run-time behavior of a simulation: object measurements and traces. Object measurements are minimally intrusive, while t.races may be highly intrusive.
Object measurements.
Examples include buffer occupancy, number of rollbacks, waiting times for locks and monitors, and time spent blocked on buffer over <and underflow. Each object allocates a private memory area for collecting information on its behavior and collects data as necessary when its member functions are called. Thus statistic collection of objects in different processes do not interfere with each other. after the simulation completes and the child processes terminates, the single parent process accesses each private data area to output individual object measurements and generate a summary report.
Traces.
Traces may be selected which are done independently for each process or collectively for all processes. The second form is highly intrusive because a single lock must be acquired by all processes to log an e\-ent. This form is more useful for debugging.
OLPS can produce several types of traces of the runtime simulation behavior, using the LOG object:
1. a trace of when spin locks are acquired and released, 2. a trace of messages that pass through each channel, and 3. user specified events.
OLPS has one further facility. During simulation execution, one can observe imbalances between the rate at which each processor executed events in the following manner. OLPS can, at user specified intervals, display on a monitor during execution a processor number and the number of events executed so far by each processor. This facility can be made arbitrarily unobtrusive to the simulation behavior by selecting a suitably infrequent display interval.
PERFORMANCE MEASUREMENTS
In this section we illustrate the use of OLPS in comparing the performance of two simulation algorithms. As a benchmark we use the tandem, cyclic, and central server Each workstation had sufficient memory to accommodate all executing processes (i.e., no virtual memory or swapping was used). Each workstation ran the V 6.3 operating system. A minimum number of processes other than the simulation was run on the machines during tests (e.g., to manage the display, service network traffic, and provide a command executive).
Thus each machine executes a small background load during simulation (e.g., to update the processor clock, reject multi-cast or broadcast packets on the Ethernet).
The time required to create and destroy processes' is reflected by the time required to simulate zero jobs in a five node tandem network: 1.21 seconds.
The measurements reported are the means of three to five runs. (Five runs were used when a high variance was observed in the first three runs.) The number of events simulated was chosen so that simulation runs lasted for at least 100 seconds, which from experimentation appeared to be the shortest duration that maximized the speedup. The speedups we report are optimistic because the single processor execution of the parallel simulation performs locking, which results in unecessary context switching.
queueing networks of Reed, Maloney, and McCredie [ 191. This benchmark is also used by Wagner, Lazowska, and Tandem network.
A tandem queueing network with
Bershad [23] . N processors should achieve near N fold speedup on a workstation with at least N nodes. Ideally, the jobs should pipeline as they pass through the nodes. This behavior was observed by Reed, Maloney, and McCredie 1191, subject to bus and memory contention at higher numbers of processors.
Test environment:
Measurements were made on a five processor network on the five processor Firefly, built by Digital Equipment Corporation. DEC describes the machine as follows:
The Firefly is a closely-coupled multiprocessor machine with 5 processors, 8 megabytes of memory and an Ethernet interface. Each processor is a MicroVAX II processor running at 12 MIIZ for an effective performance of about 2 MIPS, or 90 percent of a VAX 11/780 per processor. Each processor has a perprocessor cache of 16 kilobytes of memory with the "snoopy cache" (or write-broadcast) protocols for ensuring cache consistency. The caches are direct mapped.
A test-and-set instruction is used for synchronization.
The caches are interconnected and connected to main memory by a 10 Mbyte per second memory bus that is separate from the I/O Bus. A cache miss adds 3 or 4 wait cycles to an instruction cycle. We have observed at most a 14 percent degradation in processor performance due to cache misses and bus contention with 5 processors. We used equal, deterministic service times at each node. Reed, Maloney, and McCredie [19] obtained linear speedup in the two to five processor range on a Sequent Balance 2100. Three factors may account for the limited speedup that we obtained:
1. The five Firefly processors are not homogeneous in the sense that one processor has an additiorml load from the Q-Bus to which the display and E>thernet interface is attached.
This processor is only used in the five node network simulation.
Therefore sublinear speedup when the number of processors is increased from four to five is understandable.
2. The bus transfer rate of the Firefly is lower than the 80 MByte per second maximum transfer rates of the Sequent Balance 21000. The queueing network benchmark requires a minimal amount of processing to service an incoming job because a node performs one addition to calculate the job departure time. Thus communication is expensive relative to local processing activity, and accesses to locks occurs frequently.
3. The current version of V on the Firefly serializes accesses to the kernel. Kernel accesses are made in allocating memory and in delaying when using the V spin lock mechanism. Figure 6 contains two curves reflecting the behavior of two locking policies. One is the V spin lock mechanism. In the event the lock is not available, this mechanism tests the lock once, and then sleeps for one clock tick (10 milliseconds).
This cycle is repeated until the lock is acquired. The second lock mechanism busy waits until the lock is available, executing several NO-OP instructions between retries. The lock is tested every 8 microseconds.
When locks are unavailable in the tandem network it is usually because of contention for access to the shared SEQUENCER object between nodes. Since the lock holding time of a process is only a few instructions to enqueue or remove a message, the V lock mechanism with its 10 millisecond delay for not acquiring a lock performs worse than than busy waiting. Busy waiting improves the performance somewhat, but at the same time introduces additional bus traffic due to more frequent lock testing. Reed, Maloney, and McCredie obtain under two fold speedup. Wagner, Lazowska, and Bershad obtained up to four fold speedup for a four node network. Our speedup exceeds four, which may reflect the fact that the single processor execution acquired locks.
Central
Server network:
We measured the same central server network (Figure 8 ) that Reed, Maloney, and McCredie did. The result is illustrated in Figure  9 . All results indicate that our Chandy-Misra deadlock avoidance as well as Time-Warp implementations ran slower in parallel than sequentially.
The Time-Warp implementation follows the algorithm described by Jefferson and Sowizral [ll] . Ours differs in two respects:
1. "State" in the queueing network model requires only one memory word: the departure time of the last job. Thus we save all states, which eliminates the need to perform a coast-forward step. Rather than send one antimessage for each outdated message whose effects are being undone in the cancellation step, we send a single message interpreted to mean "annihilate all messages from this source whose time stamp is equal or greater to my time stamp." performed two to four times more slowly in parallel than when executed sequentially, which is consistent with Reed, Maloney, and McCredie's results. They obtained a sixteenfold decrease in running time.
Two phenomena may account for our Time-Warp implementation performing more slowly than the ChandyMisra algorithm:
1. Simulation traces showed that the annihilate messages chase outdated messages around the network. Outdated messages are only destroyed when they are waiting in the input queue of a node and, before the message is processed, an annihilate message arrives. When the number of logical processes in the simulation does not exceed the number of physical processors (as is the case in our implementation), outdated messages are dequeued and processed before the corresponding annihilate message arrives. The number of annihilate messages that originated in our system for 10,000 simulated events ranged from 2198 to 3728.
2. The holding time for locks is longer in our TimeWarp implementation than in our Chandy-Misra implementation. This is because whenever an annihilate message arrives, all messages in the input queue must be searched to delete outdated messages.
RELATED WORK
An object orient approach to parallel simulation has also been used by Bezivin [l, 21. However, our work is novel in two respects:
OLPS implements multiple parallel simulation algorithms in one system, allows for new algorithms, and provides a single interface to the simulation programmer.
OLPS facilitates comparison of existing algorithms. This is significant, given the limited measured performance results available [19, 12, 201. Part of the challenge of implementing multiple simulation algorithms on a multiprocessor is to tune the operating system; the parameterized spin locks of $3 are an example. An alternative approach to using an Object Library is to implement a special purpose operating system, as is proposed by Jefferson [12] . The Time-Warp Operating System is a three layer operating system implementing the Time-Warp mechanism. Applications re-I side in a fourth layer.
So far we have found that an operating system whose structure minimizes the services provided directly in the kernel can be tuned to parallel simulation.
In contrast, a special purpose operating system may be less suitable implementation of new parallel simulation algorithms in the future. 
